Mental disorders are often caused by chronic psychosocial stress, and are known to cause various adverse effects in the organs of the digestive system (1) . In this study, we tried to examine the effects of chronic psychosocial stress on some characteristics of the intestine by using a depression-like rat model to understand general biochemical features about gene expression and function in the intestine of depressive disorders. In general, major depression reduces appetite following decreased body weight (2) . Previously, we developed a chronic social defeat stress (CSDS) model of rats and observed their body weight gain, food intake, and depression-like behavior (3, 4) . In these studies, food intake in CSDS rats slightly declined, and their body weight gain was inhibited (3, 4) . Moreover, we elucidated that decreased food intake in CSDS rats could be attributed to an increased malonyl-CoA concentration in the hypothalamus. Although CSDS lowered food intake following decreased body weight gain through disruption of hypothalamic malonyl-CoA regulation as described previously (4), other reasons causing inhibition of body weight gain in CSDS rats can be, for example, deficit of nutrient absorption via damaged digestive tracts. In fact, chronic stress affects the intestine (1) and the general gastric physiology via the brain-gut-microbiome axis (5) .
In this study, we tried to observe nutrient absorption in the small intestine of CSDS rats. We analyzed the expression of genes involved in nutrient absorption [sodium-dependent glucose transporter 1 (Sglt1), glucose transporter 2 (Glut2), peptide transporter 1 (Pept1), l-type amino acid transporter 1 (Lat1), l-type amino acid transporter 2 (Lat2), aquaporins (Aqp1, Aqp3, and Aqp8), and Na-K-Cl cotransporter 1 (Nkcc1)] associated with saccharide, peptide, amino acid, water, and mineral transporters in the small intestine of this CSDS model. Furthermore, we focused on the activities of disaccharidases such as maltase, sucrase, and lactase, and glucose absorption in the small intestine to confirm the results of gene expression obtained for the small intestine of CSDS rats.
Materials and Methods
Animals and stress exposure. Eight-week-old male Wistar rats were purchased from Charles River (Yokohama, Japan) and housed individually in cages, at room temperature (2261˚C), with lights on from 6:00 to 18:00, and with ad libitum access to food and Summary Mental disorders are caused by chronic psychosocial stress, and can cause various symptoms related to the digestive system. We focused on the conjugation of intestinal absorptive and enzymatic mechanisms between chronic social defeat stress (CSDS) model rats and healthy controls to obtain general biochemical data about the intestine of the model in this study. The small intestine was divided into three regions: proximal (PI), middle (MI), and distal (DI); mRNA expression associated with a nutrient absorption, glucose absorption activity, and activities of the digestive enzymes such as maltase, sucrase and lactase was measured. Expression of both sodium-dependent glucose transporter 1 (Sglt1) and glucose transporter 2 gene tended to be higher in the stress group compared to the control group in PI. Glucose absorption was also higher in PI of the CSDS group. Sglt1 and peptide transporter 1 gene expressions in the CSDS group were significantly higher than those in the control group in DI. Furthermore, in PI, expression of the aquaporin 1 gene was significantly higher in the CSDS group compared to the control group. Thus, absorption of some nutrients might be higher in the small intestine of the CSDS rat. Key Words depression, intestine, lactase, rat, social defeat stress water. They were fed a semi-purified commercial diet [D10012G (AIN-93G); Research Diets, New Brunswick, NJ]. After arrival, they were handled daily for 1 wk to acclimatize them to the environment; then, they were used as intruders (n53) or controls (n55). Twelve-week-old male Wistar rats (n54) from our laboratory colonies were used as residents. Each male was housed with a 12-wk-old sterilized female in a large cage (L 60 cm3W 45 cm3H 45 cm) under the abovedescribed conditions. All experimental procedures followed the guidelines of the Animal Care and Use Committee of Ibaraki University. The experimental design and the method of CSDS paradigm are similar to a previously described approach (3) .
Sampling and hormone analysis. Methods for tissue sampling were described previously (3). Blood was collected via the abdominal aorta and plasma was stored at 280˚C until analyzing corticosterone using a commercial kit (YK240 Corticosterone EIA, Yanaihara Institute Inc., Shizuoka, Japan). The entire small intestine was removed from each rat and was evenly divided into three segments. The segments were sequentially numbered from the proximal to the distal portion relative to the stomach (from S-1 to S-3). A proximal portion of S-1 and S-2 and a distal portion of S-3 were used for mRNA expression and enzymatic studies. These portions of the small intestine were longitudinally incised, the mucosa of each portion was removed with a clean slide glass, and a portion of the mucosa was then kept immersed in RNA-later (Sigma, Tokyo, Japan) overnight at 4˚C. The samples were then stored at 280˚C until subsequent RNA extraction. The remaining portion of the mucosa was stored at 280˚C for subsequent enzymology studies. A distal portion of S-1 and S-2 and a proximal portion of S-3 were used for glucose absorption study.
Glucose absorption activity of the small intestine ex vivo. Glucose absorption activity in each segment of the small intestine was measured using everted sacs as described elsewhere (6, 7) with some modifications. Briefly, 5-cm portions of each segment were everted, filled with 2 mL of Krebs-Ringer solution (KRS; NaCl 6.67 g/L, KCl 0.373 g/L, NaHCO3 2.1 g/L, NaH2PO4-2H2O 0.187 g/L, MgSO4-7H2O 0.296 g/L, C2H3NaO2-3H2O 1.36 g/L, CaCl2-2H2O 0.147 g/L; pH 7.4), and ligated at both ends. The filled gut segments were incubated in KRS containing glucose (10 mm) at 37˚C. After 60 min, these solutions were collected from the interior of each sac. Glucose concentration of these solutions was measured using an enzymatic colorimetric assay (Glucose C2 Test-Wako Kit; Wako Pure Chemical Industries, Ltd., Osaka, Japan).
Disaccharidase activity in the mucosa. The activity of disaccharidases such as maltase, sucrase, and lactase in the small intestinal mucosa was measured as described elsewhere (8) .
mRNA expression. The methods used for total RNA extraction and cDNA synthesis were described elsewhere (9, 10) . Briefly, total RNA was extracted from the respective segment of the small intestine by using the QuickGene RNA tissue kit SII (KURABO Industries, Table 1 . Primers and probes used in this study. The synthesis of Gapdh primers and probe was ordered to Bioresearch Technologies Japan (Tokyo, Japan). The probes were labeled at the 5′ end with FAM and 3′ end with Black Hole Quenchers.
Tokyo, Japan), and the RNA extraction kit with a semiautomated nuclear acid extraction machine (QuickGene810; Fujifilm Corporation, Tokyo, Japan). The concentration of the extracted total RNA was measured with a NanoDrop ND1000 spectrophotometer (NanoDrop Technologies, Wilmington, DE), and 500 ng of the total RNA was used for reverse transcription using a ReverTraAce (Toyobo, Osaka, Japan) with oligo(dT)20 and random primers. All procedures were performed according to the manufacturer's instructions. Real-time polymerase chain reaction (PCR) was performed using a Rotor-Gene 6200 (Qiagen, Tokyo, Japan). The primers and Taqman probes used in this study are listed in Table 1 . The optimal primers and probes were designed and selected at Roche Diagnostics (Penzberg, Germany) or Bioresearch Technologies Japan (Tokyo, Japan). The methods employed for PCR analyses were similar to those described previously (11). Briefly, the expression level of a housekeeping gene such as glyceraldehyde 3-phosphate dehydrogenase gene (Gapdh) for all samples was evaluated, and the cDNA samples were diluted with ultrapure distilled water (Life Technologies, Tokyo, Japan) to obtain the same Gapdh expression level. PCR was performed with a thermal cycle program: initial denaturation at 95˚C for 30 s, followed by 50 cycles of 95˚C for 4 s and 60˚C for 25 s. The relative expression levels of the mRNAs were calculated by the comparative Ct method (12) . The DD Ct value, the amount of target relative to housekeeping mRNA for each sample, was determined for comparison among the segments of the small intestine and liver. Statistical analyses. Values are provided as means6 standard error of the mean. First, the abnormal values (outliers) were excluded by the Smirnoff-Grubb test.
Either the Student t-test or the Welch t-test, depending on the results of the F-test
, was applied to analyze the differences among the mean values. The maximum normed residual test was calculated using the Microsoft Excel 2011 program (Microsoft, Seattle, WA) based on previously published data (13) . Other calculations involved the use of Statcel 3 (OMS, Saitama, Japan), which is an add-in application of Microsoft Excel 2011. Inter-group differences were considered significant at p,0.05. A p value of ,0.1 indicated the existence of a specific tendency.
Results
We measured the expression of the genes encoding the transporters of glucose (Sglt1 and Glut2), peptides (Pept1), amino acids (Lat1, Lat2), minerals (Nkcc1), and water (Aqp1, Aqp3, and Aqp8) in each part of the small intestine (Table 2) . Sglt1 and Glut2 expression in the proximal part of small intestine (S-1) tended to be higher in the stress group than in the control group (p,0.1). In addition, Sglt1 expression in the stress group was significantly higher than that in the control group in the distal part (S-3) of the small intestine (p,0.05). Pept1 expression was significantly higher in the stress group than that in the control group in the distal part (S-3) of the small intestine (p,0.05). Lat2 expression in the stress group tended to be higher than in the control group in the middle part (S-2) of the small intestine (p,0.1). Aqp1 expression in the proximal part (S-1) of the small intestine of the stress group was significantly higher than that of the control group. Expression of the genes encoding Nkcc1, Aqp3, and Aqp8 did not show a significant difference between the two groups.
The activities of maltase, sucrase, and lactase in each part of the small intestine, namely, proximal S-1, middle S-2, and distal S-3, of the CSDS rats were measured (Fig. 1) . There was no significant difference between the two groups in the activities of maltase or sucrase. The lactase activity in the middle part of small intestine (S-2) of the stress group was significantly higher than that observed for the control group. Moreover, glucose absorption in each part of the small intestine was measured (Fig. 2) . As a result, in the proximal part of small intestine (S-1), glucose absorption tended to be high in the stress group compared to the control group (p,0.1). Finally, the level of plasma corticosterone in the CSDS rats tends to be increased from 211.6653.6 ng/mL (control) to 361.3658.0 ng/mL (CSDS) (p,0.1). 
Discussion
Social stress broadly affects the health of human beings; in fact, stress-induced disorders of the digestive system lower the quality of life of patients (1) . In this study, we tried to elucidate the alterations in the functioning of the two digestive organs, namely, the small intestine, as well as the gene expression patterns noted in these organs in the CSDS rat.
In the small intestine of the CSDS rat, we observed increased expression of the gene involved in glucose transport, glucose absorption, and lactase activity, compared to that in the control group. A previous study showed that psychological stress inhibits the function of rat jejunal SGLT1, while the expression of GLUT2 is increased (14) . Thus, in the CSDS rat, glucose is suggested to be positively absorbed in the small intestine under stress conditions, as observed in rats with psychological stress. Lactase is an enzyme that breaks down lactose into d-galactose and d-glucose (15) . The effects of psychological stress on the intestine is unclear; however, a previous study showed that stress hormones such as cortisone actually increase lactase mRNA expression in the small intestine in lactating rats (16) . Actually, the level of plasma corticosterone in the CSDS rats tends to be increased compared to the controls. Lactose was not present in the experimental diet used in this study, whereas lactase splits lactose and cellobiose in the small intestine (17) . Recently, it was established that stress exposure induced alteration of commensal microbiota not only in humans but also in laboratory rodents (18) . The altered microbiota induced by CSDS may stimulate the degradation of cellulose included in the experimental diet, indirectly influencing the lactase activity required for cellobiose digestion in the small intestine. Our previous studies showed that food consumption and body weight gain were inhibited in the CSDS rat (3, 4) . Blood glucose levels and protein concentrations in this model tended to be on the lower side, compared to those in the healthy control (19) . It is suggested that absorption of monosaccharides, including glucose, is promoted in the small intestine of the CSDS rat; thus, it may compensate for the reduction in food consumption and blood glucose level. However, this point needs further elucidation.
Furthermore, CSDS might promote peptide and water absorption in the intestine of CSDS rats. Therefore, not only saccharide absorption but also peptide and water absorption might be affected by CSDS induction. Because psychological stress affects lipid metabolism (20) , lipid absorption in the intestine of CSDS rat should be investigated in future. It is necessary to analyze the expression of the genes mentioned above in pair-fed rats that are restricted to consume the same amount of the feed consumed by the CSDS rats. Furthermore, the previous report revealed that early weaning stress differently damaged each region of the small intestine in mice (21) ; thus the difference in molecular and physiological responses in each region of the intestine of CSDS rats should be focused on.
In this study, we accumulated general biochemical data about gene expression and function in the intestine of socially defeated rats as described above, although characterization of each feature involved in this stress The rat small intestine was divided into three regions: proximal (S-1), middle (S-2), and distal (S-3). Maltase, sucrase, and lactase activities in each region were measured as described previously (9) . Values are provided as the mean6SE. * p,0.05 compared to the control. The white bar indicates the value obtained for the control group; the black bar indicates the value obtained for the stress group. Fig. 2 . Glucose absorption in the small intestine. The rat small intestine was divided into three regions: proximal (S-1), middle (S-2), and distal (S-3). The glucose absorption rate in each region was measured as described previously (5, 6 
